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ABSTRACT -

The virtual proton Compton Effect is studied in the approximation
of a single virtual proton and a 3-3 resonance, The computation of the lat
ter intermediate state is carried out in the framework of isobaric forma-
lism,

The contribution to the measurements of the wide angle bremss-
trahlung, arising from the virtual proton Compton terms, is given expli-
citly. It is shown that these contributions depend strongly on the kinema-
tical configuration of the experiments and may change appreciably the re-
sults of pure QED in the critical region where the intermediate electron
or muon is far off its mass shell, The numerical results suggest that
the exponential from factor is a more reasonable one, to describe the
behaviour of the yNN¥* vertex form factor. In addition it is pointed out
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that proton polarization measurements in the wide- angle bremsstrahlung
and large angle pair production experiments, provide one with a new im-
portant source of information about the contribution of the virtual proton

Compton effect to these processes, Polarized cross sections are explici-
tly calculated.

1 - INTRODUCTION -

As it is well known there are two complementary classes of experi
ments for studing the limits of validity of QED, There are the low-energy,
high-accuracy atomic measurements (Hydrogen Hyperfine structure; Lamb
shift, etc.) and high-energy, lower-accuracy measurements, (Large Angle
pair production, Wide-Angle bremsstrahlung etc.). The former class has
been well studied in the past, while only recently, with the improvement
of the experimental techniques, the latter has begun to be explored,

In fact in the last five years several high-energy experiments ha-
ve been performed(1 or are now under way, which are designed to study
the behaviour of amplitudes, in which an intermediate electron or muon
is far off the mass shell,

Often the theoretical interpretation of these experiments goes as
follows: first it is supposed that contributions to the measurements that
are not interesting from the stand point of testing QED, are known exac-
tly. Seconcly one calculates the amplitude of the QED process in conven-
tional perturbation theory. Then one compares the ratio of the experimen
tal results to theoretical predictions, seeing to what extent various conjec
tured changes in the Green's function, in particular the electron (muon)
propagator 2)', are limited, or possibly required, by experiment,

In the case of the electron (muon) - proton wide-angle bremsstrah-
lung (WAB):

(I.1) e(p) +p—>e(p) +p+4,

the first order Feynman diagrams are shown in Fig, 1:(a) and (b) are the
so called Bethe-Heitler (BH) diagrams and (c) is the virtual proton Comp-
ton (VPC) diagram, The contribution to the measurements arising from
diagram (c) is the uninteresting one for testing QED, However, it is de-
sirable to know exactly this contribution, in order to avoid as far as it is
possible the introduction of uncertainties into the interpretation of the ex
perimental data, In principle the interference of diagram (c) with the BH



terms can be eliminated by using as probe particles both e¥ and e- (p+' and
p”) under exactly symmetrical kinematical c:onfigurations(x), but what al-
ways remains is the modulus of the amplitude of this diagram,

So far only the contributions arising from the single nucleon inter-
mediate state of the diagram 1(c) have been evaluated 4 . Previous attemps
to estimate the contribution of the N¥(1238) resonance intermediate state
suffered from many poorly justified approximations(5),

We have tried to improve the accuracy to which the contribution of
the VPC amplitude to the WAB is known, by approximating the blob of the
diagram of Fig. 1(c) by the contributions of a single virtual proton and a
3-3 resonance. The computation of the latter intermediate state contribu-
tion has been carried out in the framework of isobaric formalism, under
the assumption that the 3-3 resonance is an elementary particle described
by a Rarita-Schwinger spin 3/2 field, In a previous paper(6) we have repor
ted explicit results showing that the importance of the VPC contribution to
the WAB depends on the kinematical configuration of the experiment, and
may change appreciably the results expected from pure QED, at critical
points at which the intermediate electron or muon is far off its mass shell,
Also we have suggested that the study of polarization phenomena in the
WAB and large-angle pair production experiments, provides us with a new
source of information and helps us to gain a better understanding of the
VPC effects, offering a test of the reliability of our calculations,

In view of the fact that in designing future experiments concerning
the process (1), either for testing QED or for studing the VPC effect, mo
re information will be needed, we report here an extensive description of
the VPC amplitude as well as of various measurable quantities related to
the WAB process. Direct application of the results given below is found al
so in the w0 electroproduction experiments, in various sum rules, etc, On
the other hand by making use of the substitution rule it is easy to extend
these results to the photoproduction of large angle pairs,

The program of the present paper isas follows: in section II the
form of the matrix element of the WAB process is given, Section III deals
with the differential cross section, unpolarized target; differential cross
section, polarized target; and polarization of the recoil proton, In sec-
tion IV the VPC amplifude in the approximation of a single nucleon and
3-3 resonance intermediate state is given explicitly, In section V our nu
merical calculations and results are reported and in section VI a dlScuS
sion of our results is presented, In the appendix we give the notation used
and useful formulas,

(x) - An analogous situation is found in the photoproduction of large-angle
pairs in which the interference between the BH and VPC amplitude can
be avoided in a symmetrical arrangement, where charges and polari-
zations of the final leptons are not observed(3



II. FORM OF THE MATRIX ELEMENT -

We begin by stating our notational conventions, We adopt the Lorentz
signature (+, -, -, ~) for gP'"’ , the alternating tensor € ,, . with 20123 =
= - ¢0123 = + 1 and the four-vector p with components pi = (E, ),
p=0,1,2,3, We use the notation’ﬁ' = pl v . For Dirac mairices and spi-
nor normalization we use the same conventions as Bjorken and Drelll?),

Let us adopt the particle labels indicated in Fig, 1 where & is the
polarization four-vector of the real photon. The amplitude F is defined by:

2 2
(II. 1) S = 1+i(2'n')4 84(p1+p2-p3—p4-k) (Enjllg )1/2( M )1/2(-2—:%—-)1/2 F,

1830 B B

We are using natural units (}
amplitudes,

c = 1), F may be written as the sum of two

BH VPC

(11. 2) F=F + F

where in FBH and FVPC are included the amplitudes of BH diagrams and

of VPC diagrams respectively,

BH

In conventional perturbation theory the F has the form

BH A _,. o by
(11. 3) F~ =c llpg) € M"p}‘ € ulp,)

where £ is the real photon polarization, ¢y is a constant, and

(1L 4) e;) = ;lgu(p4) Fpu(pz),
(IL. 5) pf=e {Floqzw’% 2 Fala) o a, ]

with Fl(qz) and F (qz) the Dirac and Pauli proton form factors respective-
ly, normalized to F1(0) = F5(0) = 1, p is the anomalous magnetic moment
in units of the nuclear magneton, and finally

: Pax  Pin YR MK,

= - +
(1. 6) M, (p3°k pl.k)’yp (2pik + 2p, - K

Y5

is the matrix element of the virtual electron Compton amplitude,

Similarly the FVFPC may be written

- " v
(1L, 7) FVFC= colilpy) £ MM, & ulpy)



where now the index v refers to the real photon,

(I1. 8) g'; = ;15— u(pz)wfull(pl}b

and M denote the virtual proton Compton amplitude. Now pure QED can
not descrlbe entirely the amplitude M . However requiring Lorentsz, pa-
rity and charge conjugation 1nvar1ance Mpl can be written(5) in terms of
twelve manifestly gauge invariant amplitudes f; (i =1, ...., 12). By kee-
ping the same notation as in ref, (5), one has in our conventions:

cc. 1. 7 DD, OV
M =——P'—~[f +——K J+-L—[f +—Kf }+
v M2 -1 M2l T 2 3 M4

M(CuDv +DHC o) 1
* +_...___
(I1. 9) + 5 [wsz Df

D M3

bV +
2 [st"z

{7 MAS c [~ 7 MAaD, -
+——Df +——L——[f +=K J ————E———[iy £ +——=Df
N 8] a2c? L9 M 1o 2.2 5111 37 12

where AH’ B,, C, and D are four orthogonal four-vectors, chosen as ba
sic vectors, defined as follows:

1

1 1
A=K =2(r+k); Q ==(r-k) ; R ==(p.+p.) :
boop 2 U b2 B w2 P2"Paly
B =Q -——'—;S—-K; C =R _R'f"K _ R'ZBB3
D = & A B{lC
" pa By

and A = A -l-xB with x defined in the Appendix, As has been shown in ref,
(5) the twef\Lre amphtudes f are functions of three invariations choosen to
be the V1, Vg and 373 deflned in the appendix, In the case that both pho-
tons are real the twelve f; are reduced to the following six fJ(J 1,2,3,4,6,17).

ITII. - WIDE ANGLE BREMSSTRAHLUNG CROSS SECTIONS -

The differential cross section for the process (I.1), in terms of the
matrix element F defined in (II, 1) is given by:



3
2 2 d'p
1 m” M 2 (4 T3
de= ; lFi *(p,+p,-p,-p, k) X
5 2 17273 4 ,
(2m° 2(p,-p,)°-m M E
152 3
(111, 1) 3 3
. d‘ Py dk
E, k

where, due to eq. (II. 2)

(I1L. 2) lFlz \FBH 2+IFVPCI +2Re(F H)ﬂ: FVPC.

We give the explicit expression of (IIL, 1) in the following particular cases,

A, - Differential cross section, unpolarized target, -

If the polarizations are not observed, we must average over initial,
and sum over final, spins,

Then eq, (III, 1) becomes:

2,3
M o( 4
= + - - -
do’ 2] 7 2\11 Iy*, }g (P, +py-Pg-P,-k) x
2 (pl.p2) -m M
(111, 3) 3 3 .3
. d Py d P, dk
E3 E4 ko
e2
where o ==, and I_,I_ and I_ are given by:
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(II1: 5)

(I1I. 6)

with

(11T 7)

(111, 8)

with

(III. 9)

2 2 2
~ 2 2 pogt 2 2, _ 2 q°
I e T FURETC IR Ly

4M M
I = - s s | (Eyf,)y H(Eg )5, (Eg, £ )y +
2 22 42 2 21 a2 10’73
qgr 4'\)4_
6
+(F, FHF)—Q——? z Relf, )].
1\/[ n=1

2

2
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2
_2._[ 3% [~
AT \? (4f\) '\?)J L H 3+o( o()J +( V) +°( )73
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JIELQ, 1<0,»11,12];'f9+\)1flol +(\)2+\)3)Uf12l2_lf912_.\52[f11(_2}+
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3, - Re{(f1+\7 £ )¢ +v1 10)+(o + )[12(f6+f8) 1, 65037
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2
x,
X (1E6+f8)f12]l.

In other words I is the BH term, I, the interference between BH



and VPC amplitudes and I3 is the VPC term, The notation ysed is given in
the appendix and it is the same as that of Berg and Lindner'*’ to make ea-
sier the comparison of the formulas, The above results are in agreement
with those obtained previously by these authors,

In coincidence experiments, in which the quantity

d50'

d )23(1 )’24dE

Lab

4

is measured, the equation (III, 3) becomes:

(I11. 10) d.S QM °3 \p4\ 1 sll +1 +I}
. B —p .
d2,dNdE, |Lab , 2, 5 |Py| |Fl ., Ll1 273
° 3 F_ Py
3 LY

In the case that only one final particle is observed this formula has to be
integrated properly.
B, -Differential cross section, polarized target., -

We describe the two possible spin states, of a fermion of momentum
p by the covariant projection operators(7):

(111, 11) P(+s) = % (1 i«,s"é),

where s is the spin of the proton

s.p=0, s2=-1.

We consider WAB process in which the initial proton (target) is polarized
along s, and we define the quantity

_do(+s)-do (-s)
T do(+s)+d o (-8)

(I11. 12) R

where do(+s) is the differential cross section of WAB with the two possi-
ble spin states, With this definition we find that R is written:
M2 3 d3p3 d3p, d3k

4
XII +I1 }Q (p,+Pq-Po-P, -k)
2112\/('.p1p2)2-m2M2 2 73 172 73 %4 E3 E4 ko

(111, 13) R =

U .
unpolarized

where II; and IIg are given by:
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10,

(III. 15)
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11,
; 2 2
g = Fl(q )+pLF2(q )

2 and o (i=1....14)

are defined in the appendix. Il and 113 result respectively from the VPC
amplitude and its interference with the BH one. In the numerator of (III, 13)
the pure BH term vanishes identically.

From the knowledge of R the ratio

dd (+s) - 1+R
do(-s) 1-R°’

(III., 17)

can be found, which is a more convenient quantity to be measured,

In the laboratory frame and in coincidence measurements R is given

by:
.3 =22 e i
of Fs M Pl : {11 +11)
2 — - ~ o~ 2 3
(T11, 18) R = 5
o Lab,
unpol,
d_(23d,Q4dE4
where:
d5
unpol
d.Qsdﬂ4dE4

has been defined in (III. 10).

C -Polarization of the recoil proton. -

In the previous paragraph we wrote down the expression of R, (eq.
III, 11), when the initial proton (target) is polarized and the polarizations
of the final particles are not ocbserved. We consider now the case of unpo
larized targets and the recoil proton polarization observed,

Likewise we define the quantity

t _ do(+s)-dG(-s)
T do(+s)+do(-8) °

(III. 19) R

where now the spin s is referred to the final proton.



12,

R' is obtained from R by redefining the quantities %i (i=1,...6),
appearing in (III, 14) and (IIL, 15) as follows:

N = P2
\Ll T M
2
' _ ~
: -_-\)2 1+\)1+2\)1\)3]s —-————2 1( +V J)s.r
AP V 32 27 42 2 3 ’
2 2 2

1
- —— T - - -5 - \) - \) T -
"y M{Zs P(V,+ V)V * Vg-1)-5. by [(1 V- V)2V HV,)

- "\71( v+ \)3)—“} )

2 1
—_ YV )s. —(2V +V + V)s.
M (\)2+ 3)S r + M (2 3+ 2+ 1)s pz,

(I1I. 20)

4

0
&
O

s ™3

2 ‘
2 —— '\) .
"16 1\,[3( 2+\73) s:D,

and all the rest unchanged,

IV, - VIRTUAL PROTON COMPTON CONTRIBUTION TO THE WAB. -

In Section II the VPC amplitude M, , has been written in terms of
the twelve amplitudes £;(i = 1,..., 12), We now proceed to find their ex-
plicit expressions, To achieve this we approximate the blob of Fig. 1 (c)
by the contributions of a single virtual proton and a 3-3 resonance, This
approximation limits our predictions to the experimental configuration
in which only these states are relevant. We dismiss also 7© and "© ex-
change contributions since it is known that they are almost negligible at
and below the first resonance(5, 8),

A, -Single nucleon intermediate state, -

The contribution of the single nucleon intermediate state to the fis
may be found by using unitary in the manner described by Hearn and Lea-
der but this procedure does not guarantee the correct low energy 1imit(9),



13.

Instead we appeal to the low-energy Compton scattering theorem(10)
which states that the low-energy limit is correctly given by the lowest order
perturbation theory, if anomalous Pauli moments are included, Accordin-
gly the single nucleon contribution is given by:

~

B b Py T +M 2 2, ~]
- , 4 \ : " ] - ] -+
Mo =00 *om vy k’(p . 2[Fl(r )7H+L4MF2(r )(r'y}L 7,7
2 M

(Iv.1)

+ crossed term,

Now taking into account that A, B,C and D form an orthogonal basis and that
Mp.VN operates between two free proton Dirac spinors, and using the iden-
tity D = iy5ABC, we find that:

2 2. ., 2
fB= \]1]5 1(r ) 2 \91 \)S(Fl(r )+uF 2(r )
2 2 2 2 2 ’

VA -V
1 \)2 v 2(\)1 2)

f? = H[Fl(r2)+(1+p,)F2(r2):| s

=
b

N ‘
£ = - —— (14y) [Fl(rz)-sz(rz)]s
(IV. 2) ViV

2 .2 2
B u 2 2.7 (V=Y )(V 4V )+
fg = -5 |Folr)-Fylr )J\)2° 2 .2 ’
(Vy#Vgh(V -V

2 2 2 2 2

e Lt G PR LRt )

6 2 2 2 2 2 B
2(\)1- vz) 2(\31-\)2)(\)2+\) )

3

1 2 2
-k Folr),
3" 2. 2 2 ]
g Vo2F  E D], v, ‘Y
- T R .
2(V,+V (V] - V)

. [Fl(rz)+F2(r2)+pF2(r2):] s




14,

2
B w2 2 Vi Voo )
fg= - Fot ) go 3 2 J
2 V3 2(\)1-\)2)(w)2+ 3)
- 2 )
J ‘LF (r™)4+pF ,(r )]
Nor. @2t (=247 (r2>J Y2l 2
1 [ | 2 2 .2 ’
J% .9
1772
B 2 1 V2 V3
f_ = -pF (r)Y (7 + + ),
9 2 1252 _ 42 ~,
1772
(IV. 2) J.+V 9 VZHF (1‘2)
B , 2 2 2" V3 2 Lani
o= (Fyr uF,(r ))[ 3 Y \)zI -T2 2 ¢
- ) - J
2 Ve 209y 5)
2
5 Vv v '
B 2. V1V2 9
fo= - p(l+p)F (r7) . [14‘ :‘ ,
11 2 2 J a0 ol y2
) \72 J
B _ 2 1V2 2,2 V1
f12 = -|J.(1+|J,)F2(I‘ ) 5 Fz(r ) 5 -

2
N o+ v )YV
2( 2 3)(\1 2)

Apart from fB, these results agrees with those of ref, (5).

B, - Meson-nucleon intermediate state, -

We now have to find the contributions of the meson-nucleon inter-
mediate states. To face this problem the usual analysis using dispersion
techniques is not suitable because it leads to excessively complicated cal
culations. Instead we use an isobaric model for the 3-3 resonance, This
resonance can be exicited electromagnetically by the magnetic dipole M1,
transverse electric quadrupole E2 and scalar quadrupole Q2 transitions,
The first alone is well known to give a fairly adequate fit to scattering da
ta and so we have neglected the E2 and Q2 excitations, The magnetic di-
pole isobaric formation can be described by making use of the well known
spin 3/2 partial wave amplitude in the so called nonrelativistic form,
and by transforming it into a covariant analytic amplitude, as has been
done in ref. (11). However, since up to now we have used the familiar
Dirac 4-spinor formalism, in order to maintain uniformity of ocur work,
we shall employ the Rarite Schwinger spin 3 /2 proinazgator and vertex func
tion, As interaction for the ypN¥ vertex we choose 12),
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(Iv.3) H = % “ﬁ;(x) 757u¢(x)Fw +h. c.,

where @(x) is the proton field, ¥, is the electromagnetic field tensor and
N (x) is the spin 3/2 field of Rarita and Schwinger; and as spin 3/2 propa-
gator:

(Iv.4 S ()=——9——————{ - - )- p}’
) uv (P O R 35 Y Py PLYY 3A2pu"

where A and p are the mass and the four-momentum of the isobar respec
tively and g is a dimensionless quantity, the numerical value of which must
be obtained from experiment., I" provides the finite width of the 3-3 resonan
ce; it is chosen such that the half-width at half-maximum [I'/A = (0,125 +
+ 0. 015)GeV. In the case that the photon is off the mass shell g is repla-
ced by gG(rz) with G(0) = 1, where G(r ) plays the role of the form factor
for the yNN* vertex. The choice of this propagator avoids the presence of
an undesirable pole in the crossed diagram but it has the limitation that out
side the resonance region it no longer represents a pure angular momentum
3/2 propagator.

In analogy with the equation (IV, 1) we have now for the amplitude Mzz:

3 2
MW=(-§) G(r ){(g ok K vx)757x‘*’ P57y (8 ue Ty ng - )}+

(IV. 5)
+ crossed term,

By using the same technique as in the single nucleon case we obtain:

2
33, M 4
£]°= T(s) { 2 (\)1-\)2)[3 (1-

\3 N (\) +2V ) 2\>11}9

(Iv. 6) 2 ('\) SRTES +\>)
33"T(s){é—-—M—\[( R 1)[1 + 2 +

2 A2 '\72

3 4 A
v, MYV gy )1 *

jeo

ViV H
1 ; 1V3 A

= (N -V J +V .V TP BN V)

F 2 ( 1 2)(2 3+ 1 2)+ '\92 * M ( 3+ 1 2) *
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(IV. 6)
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M2 O
+(2\)3+5\)2_2m)1):u+-&§-(:\)_ ) E }Jr (1+____)
.(-\)1-4\)2)},

2
33_4, 3 M
tg =315 33 {Az [( V- V) (14 V) -3V, (1438 )]+(3\) zvlp}

2" V3

332'1‘\7\71"[2«)\) v 1.3y v svy LD

f9 3 (s)( ) A2 ( J{1+ (1- \)2)-( ot 3)_—1\—/[—-
AL Y1tYal

(Y +2 \72)} S (V42 V (1)

2 {’



17,

2 N ]
2 M 3 2
f10°3TH A2 [“)1“%’[( Vg1)-2(V; - Vz)“(““\)_z")( Vim Vet

A [\) 9 J}
i 2+(\91_\)2)(\)1+ 2+\)3):l +(\)1-\)2),<
BN
® LY __.:.‘:. .];'\) _A__
[2 - V2 Y- Vgl v, '2)] -3 M)}’

(IV. 6) o2 o,

33 M2 u2o 02 eMt o 0 Ay vyl é}

f11"T(S)(\JZ+v3 V- ‘)2){3 rz (V1) Ve M)t g

2

N
33 2 M 2 2 N
== = () _\) N - o —— — 7 -
f 3T(S){§2( 1 2)[ 1H V- V) oz+v3(V2+M 3]

2
A \)2

- (1 +_1\E W-(VI—VZ)(Z\)I"‘\)Z)}s

where: ’

(Iv. 7) T(s) = G(r2) (£)2 Mt
. A S- Az-l-i I
(x)

and"/ s = M2(1+2{ Vq-V5)). The crossed terms are obtained as follows:

\) '\) - - i=
fi( 1? Voo \73) crossed fi( \)1, \)2, \13), (i=2,4,9,11,12)

Vv -V, VY,V i=
fi( 1: '\)2: \)3) crossed 3 fl( 1° 2° 3): (1 1: 3: 5: 6: 7: 8: 10).

Correct p-wave threshold behaviour implies also that I' should be multi-
plied by a suitable kinematical factor which we choose to be (q/qn)3, whe
re q is the momentum of the decaying pion N* _» 7 + N in the rest system
of the N¥ and q,. is the value of q at the resonance 13)

In order to specify completely the expression of T(s), the values of
g2 and G(r2) are needed., To evaluate g2 we make use of the existing expe

(x) - This s should not be confused with the s of the chapter III referred to
the spin.
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rimental data on the non polarized differential cross-section for Compton
scattering at 909, From the amplitudes (IV, 6) we take the six which con-
tribute to the real Compton effect f5(i = 1, 2, 3,4, 6, 7), and we consider the
contribution of the 3-3 resonance at r2 = 0,

We thus calculate the (d67/dR)g40 of the real Compton scattering

at t(he first resonance (8 = & 32). If in this expression the experimental va
lue(14})

a9 - ~31 a2
(d..fl 900 (1.6 +0.2)10 cmé,

is inserted, we obtain

g=2.,15+0.07.

As can be seen from eq. (IV, 3), the constant g has the same meaning as
C3(0) of ref. (12), but it is differently renormalized. In common normali
zation (used by previous authors) this value becomes g = 0,298 + 0, 009;
which should be compared with the values of

(12)

cg 0 = 0.37"%, ¢ (0 - 0. 20815

g=0,29(11) ang C4(0)=0. 5(13,16)

This agreement provides 4 check on our calculations. To complete the deter
mination of the covariant isobaric contribution to the virtual Compton scat
tering amplitude, we have to known the explicit expression of G(r¢). We
have used two expressions for it, The first (choice 1) is that given by Duf-
ner and Tsai(l3)]

(2
(IV. 8) Gz(r2)=e“6'3 -r (1+~9.0s/:~—é) .

The second (choice 2) is the empirical nucleon isovector magnetic form fac
tor(18), This seemed reasonable since the resonance is excited by an iso-
vector magnetic dipole transition,

V. - NUMERICAL CALCULATIONS AND RESULTS -

With the formulation described in chapters III and IV we are ready
to proceed to the numerical calculations, Since no approximations has been
made about the mass of the probe particle, the formalism described in the
previous chapters is applicable for electron as well as for muons. As ex-
amples we have specifically calculated first the quantity(”‘

5
G
(d unpol/d'!z3d Q4dE4)/Lab ?
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and second the quantities R and R' for the coincidence experiments in WAB,
for two initial electron energies 0.9 and 5 GeV, in various experimental
configurations.

The kinematics are fixed by the following five parameters: Ej, Ey,
k, and uy and uy, where uy = —(pl—k)2 and ug = - (p3+k)2 are the square of
the masses of the two virtual electron states in the Bethe-Heitler graphs,

In Fig. 2a, 2b and 2c we show d%¢ /d2 3d 0,4dE, 1,4 as a function
of uy for fixed Ej =0. 90 GeV and for various E4, k, and uy. In Fig. 3a,
3b and 2c we show the same quantity but with E; =5.0 GeV. Fig. 2a and
3a, 2b and 3b, 2c and 3c correspond to the case in which the invariant
mass of the intermediate protons is 1,150 GeV, 1,236 GeV and 1,350 GeV
respectively. If instead of using electrons as a probe we had used muons
the:results shown in Fig. 2a, 2b and 2c are changed slightly while those
shown in Fig. 3a, 3b and 3c remain practivally the same, For comparison
see table I, From these figures we can make the following observations :

TABLE I

Comparison between e-p and pp breamsstrahlung cross sections:
I, II and III denote respectively the quantities shown in curves I,
II and III of Fig. 2a,

E, =0.9GeV, E, =1,05GeV,k,=0.413GeV |E_=10,0GeV,E

. . . 4=5. 54 GeV, k =0, 358 GeV
= 0.28 GeV? = 2 = 2 = 2
u, =0.28 Ge u, = 0.26 GeV u, = 2.35 GeV u, = 2.34 GeV
- 2 . 2 - 2 - 2
u, = -0.40 GeV u, = -0.41 GeV u, = -2.38 GeV u, = -2.39 GeV

(e7), ub/(sr)2 GeV

(TR pr/(sr)2 GeV

(e™), l.xb/(sr)2 GeV

(k™). pb/(s1)2 GeV

a| 0.10584 x 1073

0.10264 x 1073

0.15188 x 106

0.15188 x 10~6

b | 0.26262x 10°3

0.24978 x 1079

0.49779 x 1073

0.49848 x 10~3

c| 0.25596 x 1072

0.23777 x 10”2

0.10828

0.10825

a) the contributions of the VPC effect depends strongly on the kine-
matical configuration of the experiments and may change appreciably the
results of pure QED in the critical region where the intermediate electron
or muon is far off its mass shell;

b) at small momentum transfers to the proton the results obtained
with the two form factors (choice 1) and (choice 2) used above substantial
ly agree, (see Fig. 2) while in the large momentum transfer region they
strongly differ (see Fig, 3).
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These results suggest that the exponential form factor is a more
reasonable one, to describe the behavior of the 'yNN* vertex form factor,
in agreement with the conclusions of the analysis of the electroproduction
of pions(13), A coincidence measurement of the WAB in the kinematical
configuration of Fig. 3b, for example, in which the BH contribution is ne-
glible by comparison to the VPC term, may decide for this suggestion.

It should be notice that from our calculations result that the cros
sed graph is negligibly small at the resonance peak, but its relative ma-
gnitude is increasing as one goes outside the resonance, and there are
kinematical regions where the two graphs give comparable contributions,

Let us deal now with the polarized cross sections. To define the
kinematical configurations for the quantities R and R', in addition to the
five invariants chosen for the unpolarized cross section the orientation of
the spin is needed. From now on we denote by sy and s4 the spin four-di-
rections of the target and recoil proton respectively. We have choosen
our coordinates as follows:

—— a -3
pl - (El, \pll 3 0:’ O)’ p2 (MS 0: 0.’ 0)’

Py = (E3, \']5'3\ cosQe, \33\ sinQecos‘? s ‘33|sin0esin“? ),

(V. 1) . L
Py = (E4,\ p4\cos¢9p, \p4\ smgp, 0),
_ — sy — . -> . : R
r = (E,-E,, ‘ pl\ - \p3\ cosO_, -l.p3\ smOecos:‘P, -| p3‘smees1n‘(5),
and
(V.2) sy =(0,1,0,0, s)=(0,0,1,0,  s;=(0,00,1) ;
sy = (|B,], E,cos8_, E sing ,0)/M
4 4 2 4 p’ 4 p, >
(V.3) SJ' = (0, sin@ cos9 , 0)
° 4 k] p’ - p’ k]

Z —
S4 - (0: 0: 0: 1)’

where the angles Qe, Qp and Y are shown in Fig, 4,

The expressions for the products occuring in the (II, 16) and (IIL, 21)
can now be obtained in terms of the angles 8,, 6_ and \P and initial and fi-
nal energies. .In the Tables II ard III we show the results,
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TABLEII

The invariants sg -pg, s ¥ and sy -D expressed in terms
of momentum and anglés for various choices of the polarization
s2. Quantities evaluated in the laboratory frame (Fig. 4).

s; "Py T -\34\cos Op
5P, - -\ Pyl sino
s; * Py =0
s;-r =\23\cosoe -]’gl\
sg-r =\E~3lsin0ecos‘f
s;-r '—"f’g\sinoesin\/
s;(-D = -%“:3H£4‘ sinOésinGpsin‘/
Sg' D = %lﬁanﬂll cos Opsinoesin(/’
s; D = %331 '34 (cos 8 sin Op - cos Opsinoe cos¥ ) - ',&l”,&d sin Op}
TABLE III
The same as Table II with S, replaced by s 4
i Py " \&;\
sz Py = 0
BZ Py < 0
sg .r = ]—'%14—‘ (B -E,) + EI\% (‘.le cos9, cosep +l£3] sing_ sinopcos(/ 'lﬂll cosop)
sZ - r = '1%/1"133\ cos8 sinOp - 123‘ sing_ cost cos Y - ‘21] sinop)
s: ‘r = \33\ sin 0_ siny
52 +D =0
si- D -%4-\33”34\sin 9, sin\f
s: - D = %&33”24' (cos Oesinop - cos Opsinoecos\[ ) - \31“,&4‘ sinGp]
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In the above coordinate system % is given by

| - VRPN \p4\ sinQes:"LnOpsin‘P
(V. 4) § = --—-§—p4 .(plxI)S) = - ' 3
2M 2M

Let us choose now as orientation of the spin target and of spin of the obser-
ved recoil proton the s‘é and sy respectively. For these particular choices
we report in Fig. 5a and 5b R as a function of uy and the rest of the kinema-
tics is as in Fig. 2b and 3b respectively.

In Figg. (6a) and (6b), R!' is plotted under the same circumstances
as the previous Fig. (5a) and (5b) respectively. As we see from these fi-
gures, large polarization effects arise, We observe again that in the large
momentum transfer region, R and R' are strongly dependent on G(r2) and a
measurement of R and R' can provide information about this form factor
as well as about the VPC amplitude.

In experiments in which both et and e~ are available, also the inter-
ference between BH and VPC amplitude may be avoided in the numerators
of R and R', provided that respectively the polarization of the target and
the polarization of the recoil proton does remain the same.

Thus the WAB experiments with polarized targets or in which the
polarization of the recoil protons is measured, provide us a good source of
information about VPC amplitude,

This aim can be better achieved(lg) in the large-angle pair photo-
production experiments, if similar polarization measurements are made.
In this ease it is easy to see that in a symmetrical arrangement where char
ges and polarization of the final leptons are not observed, only the VPC
amplitude contributes to the numerators of R and R', A clarification of the
importance of the VPC term in this process would be valuable, because
in many current theoretical interpretations of these measurements, the con
tribution of the nucleon isobars has been considered, in poorly justified
approximations, negligibly smal1(20),

V. - DISCUSSION -

By using the covariant isobaric formalism we have been able to
avoid the difficulties that arise in the present problem if dispersion re-
lations are used. The results are of course model dependent, However,
other experiments indicate that the model we have assumed should give
the bulk of the VPC effect on the WAB experiments, The approximations
that have been made are such that the predictions are limited to the expe-
rimental configurations in which only the single nucleon and the 3-3 rese
nance intermediate states are relevant; that is when the invariant mass
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of the intermediate proton is not far above the first resonance, Under that
predictions it is legitimate to neglect the contributions of #° and rxlo ex-
change(8),

In our analysis we have dismissed the possible contributions from
E2 and Q2. The former transitions is well known from the scattering data to
give a very small contribution in comparison to M1, while from the data of
electroproduction one cannot say exactly how much contributes the latter
one, Nevertheless there are well based arguments which suggest that Q2
cannot be 1:arg.e(13). So it is believed that the inclusion of E2 and Q2 should
not change the striking features of our results. These features as we noted a
bove are the strong dependence of the VPC effect a) on the kinematical
configuration of the WAB experiment and b) on the form factor G(r2) appro-
priate to the vertex ‘yNN*, From the numerical results we concluded that
the G(rz) given by Dufner and Tsai seems more realistic than the empiri-
cal isovector magnetic form factors, It should be noted that this conclu-
sion is not affected from the approximation to ignore E2 and Q2 because
if for example the Q2 transition were significant, the form factor G(rz)
must decrease still faster than that of Dufner and Tsai(13),

The question of the radiative corrections detected experimentally(zo)
in the process (I. 1) has not been faced in this paper and it has to be consi-
dered separately,

From the present calculations results that as smaller distances are
probed (as the off mass shell of electron (muon) increase) the contributions
arising from the VPC effect are relatively increasing,
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APPENDIX -

Following ref. (5) we consider the amplitudes f; to be functions of
the three invariants: ¥, V,and Vg defined as follows:

<
=
~

_RK y QK VoL QK Y

We also define
o _(h.a)_ Aty ket

v = and
RV am® am?
5 " 5 - 5 , where =5 (Py +py).
M 4M

The variables appearing in the formulas of unpolarized and polarized cross
sections are expressed in terms of the y's as follows:

2
=(V,_ -V -
x = (V=Y )2V -V, ) /v,

P
X o= (k p,) = M2V, - V

1 2))

N, = (k -p,) = M2(244 V),

2 2 2
r- = (py-pg)” = 4M \?3,

2 2 2
= - = v ~J)
q =(p, p4) 4M"( ot 3),

2 1
c(oop) =MV eV v i v
by = (pyrpy) = M [ 57 V4~ V3 "2V 1)'1'

.
2 1

= . = '\] _.\)_\)_—- '\) v !

by = (P37 Py) M[s s V373 (Vpt V)

= ° = - + — -
by = (Py py) = M [ 5" V4t V3t (Y, “’1)_] ’

(o p) =MV . I evelv vyl
by = (P Py) M\_s' ot Vgt (Nt
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ol = U 49 V 1>
. w5+ , 4:‘(2\)3+\)2)/\)2,
ol =(A‘D)2 = (m2 _\))+_ME [_(\) gV )2+4\)(\)2-\) Ry \))..
2" 2p? e 3" 2 2 5 1 4 3' V4" M1 4 s
249 V30 _+v )1
34 V2" "3’}
N ARY N \ 2_\)2]-1
g = Vo (Vo t(VgtV)v -Vl |
2 6.2,
D" =M 02/d3,
3-1¢ ‘ol
2 “appp P1P3P2Pa’
In addition we have:
=00 | ol (Y Vv _ W2 \)]
Y1 1{ 13V Vgm Yy Vg + 2, ¥y Vg |
2
=92 ol J -v.V) -
Yo (Vo Vg -V V) v, oy
4V, 2 2l
= o (— od |V V(v +V )9V (v .V - vlv - )
I3 (\,2){&1 g L1 alMatVa)-2 V(Y 4~ Vo Vgl |+ V(4N - Vo)
2
z, =V V2L
1 2 4 1 3
Z =0 v o
g = VoV ™s,
1y f | 2 .2
z =1 U (2d +V +V )+4v° -
3°1 1[2 2(2 ot 2+,}3)+4w74 \72],
z =Ld %02_\72_2\) ) J
4 2 1\FV4 2747273 )¢

Z =_0o o V 2_5%)
1 %3 Vg4 V- V) Yy

N
i

oy [aet sty ]
g =~ (V3 Vgl V5) [_2"’(2*(404 UAPHE
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The o 'S are given explicitly as follows:

oY
_ 73 2
° N (2d1 O‘3 B \)Z)E’

1 . ;
2V
- ST 2 4
S, =2 ol 2(\73’L(>(1°(3+ v, ):
GJ=:)_J:.(J +\))
3 V2 2 3’
2
2
0(3 Y 2'\)4
Oyt (Va5 )
2 2
U Lo o N -\
5 1 3 2(20(2 5):
o -0 44 d _\,\,1
6 [7"\,2 1 gV Vs ViV (3
2
o). 4V
T =14 3+ 4 )
7 \]2 O 2
2
2
P S
g -|o 1 3
8 [7+ N Jsg’
2 2, -
4 20, X
o‘=4,\J ~) o 1 - 4_ 1 SJ,
3 4 3 \)2 '\)2
2
-4\)30{3 2\)4 9oy
- VY ,
10 42 [\J? (W V5=V VIV (Y 3):];
2 )
o =1+2\73_4\) ’
11 v, 2
)
2 .
4 4~ 200, 0,V _V
O L1133 Wyl —4y 17371 4
12 RE 2" 3 2
2 )
8 Vv
o . 3 4 012~§ o .G
’ 14

13 3
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(a)

FIG. 1 - First order Feynman Diagrams for wide-angle
bremsstrahlung. (a), (b) electron bremsstrahlung;
(c) proton bremsstrahlung.

/

FIG. 4 - Frame of reference used to calculate
the tables I and IHI.
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